GaN / InGaN light emitting diodes with embedded photonic crystal obtained by lateral epitaxial overgrowth
We introduce GaN / InGaN light emitting diodes with a dielectric photonic crystal embedded in the epitaxial layer by lateral epitaxial overgrowth on a patterned GaN template. Overgrowth, coalescence, and epitaxial growth of the pn junction within a thickness of 500 nm is obtained using metal-organic chemical vapor deposition. This design strongly modifies the distribution of guided modes, as confirmed by angle-resolved measurements. The regime of operation and potential efficiency of such structures are discussed. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2898513͔
In the context of light extraction from nitride light emitting diodes ͑LEDs͒, the use of photonic crystals ͑PhCs͒ has attracted much attention recently due to their deterministic behavior: they should offer efficient extraction ͑competitive with a random surface 1,2 ͒ and an increased control over the far-field pattern. [3] [4] [5] [6] [7] [8] However, harnessing the full potential of PhCs has proved difficult: the largest light extraction enhancements reported in the literature are approximately twice, which are largely below theoretical expectations. Indeed, efficient PhCs require full optimization of the design, 9 including choices of the crystal lattice 6 and of the vertical structure. 7, 8 In particular, Ref. 5 evidenced that a simple surface PhC on top of an as-grown structure is of limited efficiency because most of the light is emitted in low-order guided modes which are poorly extracted by the PhC. A possible solution to this issue was introduced in Ref. 8 in which a low-index AlGaN cladding layer modifies the distribution of guided modes. In this case, light emission in the low-order modes of the GaN buffer is avoided and replaced by strong emission in a mode guided above the cladding layer-the so-called cap layer mode ͑CLM͒-which is efficiently extracted by the PhC. However, growth of the AlN layer is challenging ͑as for nitride laser diodes͒, and the PhC still has to be formed in the p-GaN, potentially hurting p-doping and hindering current injection.
In this letter, we introduce a design which addresses this issue while avoiding the use of a surface PhC: the PhC is a patterned dielectric layer embedded in the epitaxial layer by lateral epitaxial overgrowth ͑LEO͒, and the active region is located above this layer ͓Fig. 1͑a͔͒. The dielectric layer acts both as a low-index cladding ͑whose average index ͗n͘ϳ2 is lower than that of AlGaN͒ and as a diffracting layer for guided light extraction. The surface of the LED is unpatterned and can be fully used as a contact. Once the epitaxial layer is obtained, regular LED geometries can be employed.
Conventional LEO is employed to obtain lowdislocation GaN ͑Ref. 10͒ and makes use of large patterns ͑5-50 m͒. In our case, the PhC period has to be in the order of / n. The growth thus takes place in a potentially different regime. Besides, for efficient operation of our design, the PhC layer must be thick enough to confine the CLM and coalescence and growth of the pn junction must occur within an optically thin layer. This is illustrated in Fig. 1 : a thick top layer supports many guided modes ͑some of which interact poorly with the PhC͒, while a thin one supports only one CLM, which is efficiently extracted. Due to the low average index in the PhC layer, ϳ50% of the light can be emitted in this CLM, according to solid angle considerations. Figure 2 indicates the computed extraction efficiencies of the CLM ͑defined as the imaginary part kЉ of the CLM's wavevector͒ for various thicknesses of the PhC layer and of the top layer. A large kЉ is necessary both because light must be extracted over the scale of the LED and because extraction has to compete with absorption mechanisms. In practice, a value of kЉ =10 −3 a −1 corresponds to an exponential extraction length L decay =1/ 2kЉ ϳ 100 m, which is a reasonable value for a LED. As seen on Fig. 2 , kЉ strongly varies with the thickness of the top layer. It should ideally be ϳ350-400 nm thick to ensure that kЉ Ͼ 10 −3 . This is challenging since the pn junction itself ͓including the n-doped region, the multiquantum well ͑MQW͒, and the p-doped re- gion͔ is typically 300 nm thick. The demands on the coalescence are thus stringent. Let us also stress that the present calculation considers a one-dimensional ͑1D͒ grating. When a two-dimensional ͑2D͒ PhC is considered, kЉ is roughly divided by 3 ͑intuitively, the diffraction strength of the grating is "spread" over the three ⌫M directions͒, requiring a slightly thinner top layer for the same efficiency. Interestingly, we also note that kЉ oscillates with the thicknesses of the PhC and top layer ͑due to vertical resonances in both layers͒. It is thus possible to optimize extraction by finetuning these values.
Let us mention that the use of an embedded grating has already been considered in the past in the context of distributed feedback GaN-based lasers. 11 However, the design rules for a LED are very different since we operate in a multimode rather than a monomode regime.
The structures are grown as follows: Starting from a GaN template on sapphire, 50 nm of SiO 2 is deposited and patterned by interference holography and dry etching. Care is taken to fully clear the apertures in the mask. In a single metal-organic chemical vapor deposition run, GaN is then overgrown and coalesced over the stripes and followed by a pn junction containing a MQW active region. Here, we demonstrate the approach on a 1D grating ͑period a = 210 nm, filling factor f ϳ 0.5͒, in which coalescence of the LEO is more straightforward, although a 2D grating would improve light extraction. For the coalescence, GaN is grown at a pressure of 76 Torr, a temperature of 1040°C, and a V/III ratio of 3900. Two samples were grown for comparison. On the first one, a thick ͑ϳ1 m͒ coalescence layer was grown, followed by the LED. On the second one, we obtained full coalescence within only 120 nm above the PhC regioncorresponding to a lateral to vertical growth ratio of at least 1. In this structure, n-GaN, the MQW region ͑emitting at = 460 nm͒, and p-GaN have thicknesses of 200, 60, and 100 nm, respectively. The total thickness of the top layer is thus ϳ500 nm, which is close to the requirements of Fig. 2 . Figure 3 shows a scanning electron microscope cross section of this structure.
To analyze the optical properties of the PhC, we resort to angle-resolved measurements: the far field of the LED is measured as a function of emission angle ͑from −90°to 90°͒. The angle-resolved pattern is then converted into the band structure of the PhC above the light line, as described in Ref. 5 ͑in brief, angles and wavelengths are converted to wavevectors k ʈ and reduced frequencies u = a / ͒. LEDs and the band structure for the thin LED. For both devices, the pattern is composed of two features: direct light emission into air ͓the broad continuum in Fig. 4͑a͒ , which is modulated by the Fabry-Pérot fringes of the GaN layer͔ and a series of sharp lines, which are the leaky PhC modes ͑i.e., guided modes which are diffracted to air by the PhC͒. Note that the choice of a = 210 nm diffracts the guided light around normal incidence, thus enhancing the directionality of the LED.
For the thick device, many leaky modes can be observed: these correspond to the multiple high-order modes, which are delocalized across the vertical structure. These modes overlap with the PhC region and are thus well extracted. For the thin device, one very intense line dominates the spectrum: this is the CLM localized above the PhC region, which receives a macroscopic fraction of the emitted light and is efficiently extracted. Actually, a second similarbut less sharp-resonance can be observed. Because the top layer is 500 nm thick, it supports a second optical CLM resonance, but this one is less confined and couples to the multiple modes of the substrate ͑as manifested by anticrossings͒. Although an ideal structure would support only one CLM, it turns out that the second CLM is extracted well enough here.
The dispersion of these two CLMs can be fitted by imposing that their vertical wavevectors obey the resonance condition k z = p / L, where L is the thickness of the cavity formed by the top layer and p is an integer ͑p = 1 and 2 for the first and second CLMs, respectively͒. The CLM's dispersion can then be written as k ʈ =2 ͱ n 2 − ͑p / 2L͒ 2 / . This dispersion is superimposed on Fig. 4 : it fits the measurement with good accuracy. The slight discrepancy may be attributed to inaccuracy in the thickness of the top layer ͑we used the nominal value L = 500͒ and to an imperfect knowledge of the refractive index n͑͒ ͑taken from Ref. 12͒ . Figure 5 displays the electrical characteristics ͑voltage and output power versus current͒ of both samples. The output power was measured on wafer with a photodetector, which was placed above the samples with a collection angle of ϳ50°. Both devices display some leakage-more notably in the thinner sample, suggesting further optimization of the layer structure. Of note, however, is that the output power is twice larger for the thinner device, which we attribute to a more efficient light extraction. In terms of absolute power, the performance of these structures is low compared to those of regular LEDs. It is unclear whether this is due to the unoptimized growth conditions used for the LEDs on the LEO mask or to some potential detrimental effect of the mask itself ͑potential contamination by oxygen and diffusion of Si acting as an n-dopant͒. No data on these effects are available at this point, and future investigation of these is required.
In conclusion, we have introduced a design of PhC GaNbased LED in which the PhC is integrated in the epitaxial layer and serves as a mask for regrowth of the LED. Overgrowth, coalescence, and growth of the LED were achieved within 500 nm, and the optical properties of the PhC were characterized. This approach circumvents the limitations of surface PhCs and, pending optimization and generalization to 2D coalescence, is a promising candidate for a high brightness InGaN LED.
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